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Lithium Niobate (LiNbO3) is a piezoelectric material that also exhibits promising optical 
characteristics such as low optical loss and high electro-optic coefficient, making it an interesting 
choice for Radio Frequency (RF) micro-opto-electro-mechanical systems (MOEMS) and devices, 
electro-optical modulators and tunable filters, and other high-speed and low-loss photonic devices. 
In this work, an opto-electro-mechanical device for detecting light power is developed on a 
Lithium Niobate platform using a combination of Whispering-Gallery-Mode (WGM) micro-disk 
optical resonators and suspended RF MEMS acoustic resonators. The fundamental idea behind 
this device is changing the device’s measured impedance by shifting the resonance frequency of 
the acoustic resonator, which is performed by an increase in the temperature of the device caused 
by the input light. The theory, design, simulation, fabrication process, as well as the measured 
response of the device are presented. The device manifests a responsivity of up to 123 Ω/mW 
or %3.44/mW at its 3.5 GHz fundamental mode. Lastly, the results are analyzed, and potential 
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Chapter 1: Introduction 
1.1  Motivation and Applications 
Optical communication has made it possible to achieve data transmission rates up to tens of 
megabits per second (Mbps) over distances of more than a kilometer by providing the opportunity 
to transmit data on ultra-high frequencies (tens of THz) and low-loss media. Integrated photonics 
plays a vital role in coupling the existing electronics, computers, servers, and data centers to a 
high-speed long-haul fiber network. 
 
Lithium Niobate (LiNbO3) has drawn a great deal of attention in recent years in high-speed 
integrated photonics and electro-optics, as it exhibits desirable characteristics such as low optical 
loss and large electro-optical coefficients. These properties make it an ideal choice for electro-
optical modulators and tunable filters, where an electric field is used to change the optical 
characteristics of the material platform being used [1]. Additionally, Lithium Niobate has long 
been used in Radio-Frequency Micro-Electro-Mechanical Systems (RF MEMS) as a piezoelectric 
material [2]. This fact makes it possible to design devices that exploit both optical and piezoelectric 
characteristics of Lithium Niobate for brand-new applications. 
 
This work is part of a research project seeking to develop Lithium Niobate-based photonic 
integrated circuits (PIC) for widely tunable and high-sensitivity microwave and millimeter-wave 
radiometry. Such devices have potential applications in earth and planetary science and 
heliophysics, as well as data acquisition in space applications.  
 
1.2  Lithium Niobate-Based Platform, the Project, and Its Components 
As mentioned in Section 1.1, this work is part of a larger project aiming to develop various passive 
photonic devices, electro-optical modulators, and optomechanical photodetectors on an X-cut 
and/or Z-cut Lithium Niobate platform. These devices can offer a complete solution for passive 
microwave radiometry over a wide frequency range while maintaining high spectral selectivity, be 
used in applications in earth and planetary science as well as limb sounders and auroral imagers in 
heliophysics, and exhibit unique capabilities for optical frequency data acquisition in scientific 
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space missions. On-chip photonic resonance and modulation can also serve as a strong basis for 
constructing low phase noise opto-electronic oscillators. Additionally, potentially high-
responsivity photodetectors developed on such a platform can prove invaluable in the detection of 
weak space signals such as the Cosmic Microwave Background (CMB). 
 
This project is supported by the National Aeronautics and Space Administration (NASA) as 
Professor Songbin Gong’s 2017 NASA Early Career Faculty (ECF17). The proposed platform is 
formed by three main subsystems: (i) a wideband electro-optic modulator that up-converts the 
micro and millimeter-wave signals of interest by modulating an optical carrier; (ii) a voltage-
tunable photonic filter that adaptively selects the millimeter wave sideband of the carrier; and (iii) 
a resonant optomechanical detector that performs the power measurement of the spectrally selected 
signals. A diagram of this platform is shown in Fig. 1.1. 
 
 
Fig. 1.1. The Lithium Niobate-based platform and its different components [3]. 
 
As parts of this project, high-performance fully etched isotropic microring resonators in thin-film 
Lithium Niobate on an insulator platform are presented in [4]. The devices in [4] offer a low optical 
loss of ∼ 7 dB/cm and their measured optical response exhibits an extinction of ∼ 25 dB, a 3 dB 
optical bandwidth of 49 pm (∼ 6 GHz) for all-pass structures, an extinction of ∼ 10 dB for add-
drop structures, and a free spectral range of ∼ 5.26 nm. An isotropic Lithium Niobate microring 
resonator with a 1.38-nm wide continuous tuning range using a DC voltage of 80 V is presented 
in [5]. In [6], ultra-efficient and fully isotropic monolithic microring modulators in a thin-film Z-
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cut Lithium Niobate photonics platform are presented and discussed. This modulator offers high 
electro-optic tuning efficiency of 9 pm/V, extinction ratio of 20 dB, and modulation bandwidth 
beyond 28 GHz. Future research on these works can include developing such devices on an X-cut 
Lithium Niobate platform, which may lead to better specifications in some cases. 
 
1.3  Introduction to the Optomechanical Photodetector 
This thesis focuses on the third element of the Lithium Niobate-based platform shown in Fig. 1.1, 
the optomechanical photodetector, which completes the package of devices introduced in [4], [5], 
and [6]. Such photodetectors have the potential to offer an extremely high responsivity, defined as 
the produced output current divided by the input light power, and can enable the detection of weak 
and low-frequency signals that exist in the interplanetary space (e.g., the CMB). 
 
The main idea behind the operation of this optomechanical photodetector (OMPD) is changing the 
measured impedance/admittance of a Lithium Niobate RF MEMS resonator by increasing the 
temperature of the device by coupling light into it. Such resonators are introduced in works such 
as [7] and [8]. They can resonate anywhere between 1 GHz and 5 GHz, depending on their shape, 
size, and the characteristics of the material platform they have been built on. 
 
 A Lithium-Niobate MEMS resonator’s admittance can exhibit substantial changes over a small 
frequency range if the device is excited around one of its acoustic resonance frequencies. The 
measured admittance response of the device will have a very sharp slope in between its series and 
parallel resonance frequencies. In that case, if the frequency response is shifted to the right or left, 
the measured impedance/admittance will differ greatly, if measured on the same frequency.  
 
MEMS resonators’ frequency response is known to have a redshift due to an increase in the 
temperature of the resonating device. This characteristic of such resonators is used in works such 
as [9] for making MEMS temperature sensors. As a result, heating up an RF MEMS resonator 
device is a way to produce the frequency response shift discussed earlier. Here, this temperature 
increase is produced by the loss of optical power. It was mentioned earlier that Lithium Niobate 
has a low optical loss, which, while desirable in designing efficient optical filters and modulators 
such as devices in [5] and [6], will not serve the purpose of coupling light into the optomechanical 
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photodetector, which is dissipating it. This problem can be resolved by ramping up the material 
loss by placing metal on top of the Lithium Niobate film. The modal analysis of such lossy optical 
modes is presented in Section 4.1.  
 
The designed device is a Whispering-Gallery Mode (WGM) optical resonator, with the same 
optical modes as ring resonators similar to the ones discussed in [4]. In such devices, most of the 
light power will couple into and circulate around the ring or disk resonator at certain wavelengths 
called “resonance wavelengths”. An image of the wavelength-domain response of a micro-ring 
resonator is shown in Fig. 1.2. 
 
 
Fig. 1.2. Transmission spectrum of a LiNbO3 microring resonator [4]. 
 
At resonance wavelengths, seen as dips in the transmission spectrum in Fig. 1.2, most of the light 
power coupled into the disk resonator’s waveguide will make its way into the disk, hence get 
dissipated, contributing to the desired temperature increase in the disk.  
 
At the same time, the disk resonator acts as an RF MEMS resonator. This is made possible by 
suspending part of the disk. The metal used for increasing the material loss can be designed in a 
way that it also acts as the electrodes of the MEMS resonator. Therefore, when the light at one of 
the disk’s resonance wavelengths is coupled into it using a waveguide and grating couplers, most 
of the optical power will travel around the disk on a lossy whispering-gallery mode, be dissipated, 
and increase the temperature of the hybrid disk resonator / MEMS resonator device. This will 
cause a redshift in the MEMS resonator’s frequency response, creating an opportunity for detecting 
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substantial impedance changes at acoustic resonance frequencies, which is expected to be 
proportional to the input light power. 
 
1.4  Organization of This Thesis 
Presented in this thesis are the background of this work, characteristics of the used material 
platform, as well as design and theory of operation, simulation results, fabrication process, and the 
experimental results of the optomechanical photodetector. 
 
In Chapter 2, characteristics of Lithium Niobate, the material platform on which the discussed 
device is fabricated, will be reviewed. The optical anisotropy of Lithium Niobate, one of its 
important optical characteristics, will be explained. Also, an optical mode analysis in Lithium 
Niobate waveguides will be presented. 
 
In Chapter 3, the design and theory of operation of different parts of the OMPD device, including 
grating couplers, micro-ring and micro-disk resonators, and suspended RF MEMS resonators, will 
be provided. 
 
Chapter 4 will delve into the simulation results of the OMPD device in optical, thermal, and 
acoustic domains. Based on these simulation results, a responsivity can be estimated for the 
fabricated device under certain circumstances, which will be compared against the measured 
responsivity later in Chapter 6. 
 
Chapter 5 will discuss the process of fabricating the OMPD device in a cleanroom laboratory and 
its different steps, fabrication recipes, the required substances and equipment, and other 
considerations. 
 
In Chapter 6, the measurement setup used for characterizing the fabricated device, as well as the 
measured optical and acoustic responses are presented. Finally, the OMPD’s experimental 
responsivity is calculated and analyzed based on the measurement results. 
 
Chapter 7 will conclude this thesis and suggest future research based on this work. 
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Chapter 2: Properties of Lithium Niobate 
2.1  Background 
Lithium Niobate (LiNbO3) was discovered in Bell Laboratories in 1966 and is today widely used 
in acoustic [10] and electro-optic [11] applications due to its large piezoelectric and electro-optic 
coefficients and large bandgap, making such devices made on a Lithium Niobate platform 
exceptionally efficient. There are challenges in creating high-efficiency LiNbO3 devices that have 
been subject to research. That includes low refraction index contrast between the core and the 
cladding in typical ion-diffused LiNbO3 waveguides resulting in low optical mode confinement 
and large optical mode loss [12], as well as fabrication hurdles such as controlling the waveguide’s 
sidewall angle in a dry etching process. 
 
A Lithium Niobate crystal, shown in Fig. 2.1(a) shows different physical characteristics along 
different axes, implying that it is an anisotropic crystal. This anisotropy includes a difference in 
the refractive index in one direction from the other two directions, illustrated in the material’s 
index ellipsoid in Fig. 2.1(b). It is important to model this anisotropy in any design or fabrication 
process on a Lithium Niobate platform. Depending on the application, making a design on a z-cut 
(like the ones in [4-6]) or an x-cut Lithium Niobate platform can yield more desirable 
specifications. The optomechanical photodetector device being discussed in this thesis has been 
designed and fabricated on a z-cut sample. 
 
 
Fig. 2.1. (a)  Lithium Niobate crystal with Lithium atoms being depicted in black, Niobium atoms in dark 
gray, and Oxygen atoms in light gray and (b) Index ellipsoid of Lithium Niobate indicating ordinary and 
extraordinary refractive index axes [13]. 
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2.2  Optical Anisotropy of Lithium Niobate 
As mentioned in Section 2.1, the refractive index of a Lithium Niobate crystal varies based on the 
crystal axis it is measured on, in a way that the refractive index is slightly smaller in one of the 
directions compared to the other two, which are optically equivalent. This type of anisotropy is 
called uniaxial birefringence. In this case, light polarized perpendicular to the special axis 
experiences the ordinary refractive index, no, while light polarized along that axis sees the 
extraordinary refractive index, ne, as shown in Fig. 2.1(b). Any beam of light entering such a crystal 
structure will split into two polarizations traveling at different speeds. As mentioned earlier, the 
Lithium Niobate crystal used in this work is a z-cut crystal, meaning that the z-axis in the crystal 
structure is oriented upwards. 
 
This anisotropy will affect how an electro-optical Lithium Niobate device, such as a modulator 
should be designed. For instance, the profile of the electric field created in an electro-optical 
modulator similar to the one presented in [6], therefore the positioning of the electrodes, and as a 
result, many design considerations (e.g. waveguide loss, RF bandwidth, etc.), design of the 
lithography mask (e.g. placing vias in case some electrodes will be buried underneath a deposited 
layer, which is the case in [6]), and some steps of the fabrication process would differ based on the 
direction of the Lithium Niobate crystal being used. 
 
2.3  Wave Propagation and Mode Analysis 
When a beam of light, or any other type of electromagnetic wave travels in any electromagnetic 
media, such as a waveguide, Maxwell’s equations dictate a certain electric and magnetic field 
distribution on the wave for it to be able to travel in a stable and consistent manner. These field 
distributions are called modes of that media. An example of such a profile can be seen in Fig. 2.2.  
 
According to Section 2.2, the refractive index of Lithium Niobate can be mathematically modeled 
as in Equation (2.1). 












Fig. 2.2. Side view of the electric field magnitude of a guided mode in a Lithium Niobate waveguide 
confined between air and Silicon Oxide [13]. 
 
where 𝑛𝑥 , 𝑛𝑦, and 𝑛𝑧 are the refractive indices, and 𝑛𝑥 = 𝑛𝑦 = 𝑛𝑜 are the ordinary and 𝑛𝑧 = 𝑛𝑒 is 
the extraordinary indices. Depending on whether the direction of the electric field is on the same 
plane as the traveling wave or perpendicular to it, the mode can be defined as Transverse Electric 
(TE) or Transverse Magnetic (TM). 
 
Light traveling inside an optical media will experience phase change and optical loss. These effects 
can be quantified by the propagation constant of the mode, γ = α+iβ, where α is the attenuation 
constant and β is the phase constant. The phase constant gives the effective index of the optical 
mode through relationship (2.2). 
                                                                      𝛽 =
2𝜋
𝜆
𝑛𝑒𝑓𝑓                   (2.2)                                         
The effective index, neff, represents the refractive index experienced by the traveling light beam as 
if it was traveling in the free space with a homogeneous refractive index equal to neff, therefore 
making it possible to calculate the phase change of the traveling light in the same manner it is 
calculated in the free space, regardless of the optical mode profile inside the waveguide, making 
the calculations simpler. 
Although optical modes are theoretically determined by Maxwell’s equations, such calculations 
are usually heavy and need to be performed by a computer to be completed in a reasonable amount 
of time. Finite Element (such as COMSOL Multiphysics software) or Finite Difference (such as 
Lumerical software) methods can be used to simulate the modes. Here, a z-cut Lithium Niobate 
waveguide, with an anisotropic refractive index modeled by material data is simulated on a Silicon 
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Oxide substrate, while being exposed to air on its other three facets, as described in Fig. 2.2. The 
waveguide has a thickness of 560 nm according to the used PDK and is designed to have a 1 μm 
width. The simulation and all design are conducted for a 1.55 μm light wavelength. 
The simulated TE and TM fundamental optical mode profiles in Lumerical MODE software are 
shown in Fig. 2.3. Here, the plotted mode profiles show the electric field intensity, with the 
maximum intensity being normalized to 1. 
 
Fig. 2.3. Lithium Niobate mode profiles for the fundamental (a) TE mode and (b) TM mode. 
 
Table 2.1 shows the numerical parameters of the optical modes in Fig. 2.3.  
 








TE 1.85 7.50 0.81 
TM 1.66 6.73 0.67 
 
 
Table 2.1 shows that the TE mode is more confined and has a slightly higher effective index. These 
effective index values will affect the design of photonic devices such as micro-ring and micro-disk 
resonators and grating couplers. 
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Chapter 3: Design and Theory of Operation 
3.1  Grating Couplers 
Phase gratings, also known as “grating couplers”, are a periodic array of thin ridges varying in 
their refraction index. Most commonly, these ridges are designed as thin rectangles and can be 
patterned by photolithography (or electron-beam lithography, if the sizes are below the resolution 
of photolithography). In this work and many other integrated photonics devices such as the ones 
in [4-6], such structures are used to couple part of an incident light beam from the measurement 
setup into waveguides that carry the light to the devices under test (DUT). The width of the ridges 
and their spacing should be designed for the light wavelength and the angle at which the input light 
is expected to hit the grating coupler, as the coupler will deviate that light by a certain angle, 
therefore guide it into the waveguide. In any case, not all the light will make its way into the 
waveguide and grating couplers are greatly lossy elements, usually only coupling up to 20-30% of 
the light, if designed and fabricated perfectly. This grating coupler loss should be accounted for 
when interpreting the measurement results obtained from the DUT. In this work, the same grating 
couplers as [6] were used, which show a loss of around 22 dB per grating. This observation and 
the probable reasons for it will be discussed in further detail in Section 6.2. 
 
Simple schematics of a rectangular (or “binary”) grating and a “blazed” grating, the two most 
common types of grating couplers, are shown in Fig. 3.1. Blazed gratings can usually provide a 
larger coupling efficiency, however, they are more difficult to fabricate due to the angled ridges. 
 
 
Fig. 3.1. Schematics of a (a) rectangular grating coupler and (b) blazed grating coupler [13]. 
  
It can be mathematically shown that periodic structures such as phase gratings diffract an incident 
light at certain discrete angles, known as “diffraction orders”. Because the path of light is always 
reversible, it is simpler to design grating couplers by calculating diffraction orders and their angles 
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of diffraction for a horizontal beam of light entering the grating structure. In this case, a beam of 
light exiting the structure horizontally, thus being coupled into a waveguide, will be one of the 
diffraction orders for an input beam of light hitting the structure at one of the calculated diffraction 
angles. 
 
Figure 3.2 illustrates the way a grating structure diffracts an input light beam. The diffraction angle 
θm can be calculated from the wavelength, grating period, and the periodic refractive indices of the 
ridges. The input light wave entering the waveguide is given by the wave vector ki. The diffracted 
wave of the mth diffraction order is identified by the wave vector km, where m = 0, ±1, ±2, ... . The 
“grating vector”, K, of the grating structure, is defined as a vector in the direction of the periodic 
ridges with a magnitude of K = 2π/Λ, where Λ is the grating period. Here, for simplicity, the duty 
cycle of the grating structure (the portion of a period filled by the grating material) is assumed to 
be 0.5 (50%). 
 
 
Fig. 3.2. Schematic diagram of a grating structure with its input and refracted output light waves [13]. 
 
 
The wave vector for the mth-order refracted light wave can be written as in Equation (3.1) below: 
                                                                    𝒌𝑚 = 𝒌𝑖 − 𝑚𝑲                                     (3.1) 
By definition, ki and km can be written as: 
                                                  𝒌𝑚 =
2𝜋
𝜆
𝑛𝑐𝑙𝑎𝑑(𝑠𝑖𝑛 𝜃𝑚 ?̂? + 𝑐𝑜𝑠 𝜃𝑚 ?̂?)                                       (3.2)                                                        
                                                             𝒌𝑖 =
2𝜋
𝜆
𝑛𝑒𝑓𝑓(sin 𝜃𝑖 ?̂? + cos 𝜃𝑖 ?̂?)                                     (3.3) 
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Where neff is the refractive index of the ridges and nclad is the refractive index of the material above 
and in between the ridges, which is air in this case. Equating x-components of the vectors on the 
two sides of (3.1) gives the refraction angles, shown in (3.4). 






)                                                   (3.4) 
As implied by (3.4), design of the grating structure (parameter Λ) will depend on the wavelength  
λ, the refractive indices and the intended 𝜃𝑚. As mentioned earlier, for reasons such as the light 
getting coupled into unintended refraction orders, part of the light propagating through the 
substrate, unwanted reflections from the surface, and fabrication variations and errors, the coupling 
efficiency of such grating coupler structures is limited to around 20-30% at maximum. 
Although one can theoretically design a grating structure with mathematical equations such as 
(3.4), such calculations are usually complex and involve multiple variables. Thus, iterative 
methods are more useful in performing those calculations. Another option, which is used in this 
work, is using stochastic optimization methods. Here, a built-in Particle Swarm Optimization 
(PSO) algorithm in the Lumerical MODE software was used to stochastically optimize the period 
(Λ) and duty cycle of the grating coupler, with given incident light angle (𝜃𝑚) and refractive 
indices for Lithium Niobate and air. Such an algorithm will explore a multidimensional (in this 
case, two-dimensional) design space (in this case, a two-dimensional space with Λ and duty cycle 
as design parameters), updating their location and velocity vector based on the Figure-of-Merit 
(FOM) attained. In the ideal case, all the particles will converge to the optimum point in the design 
space, which has the highest FOM. The FOM in this case is the amount of light power that is 
coupled into the waveguide by the grating coupler. 
Figure 3.3. shows the 2D-FDTD simulation performed in Lumerical MODE. The simulation is 
performed for 1550 nm wavelength and 8 degrees incident angle, which come from the 
measurement setup introduced in Section 6.1. The refractive index of Lithium Niobate and Silicon 
Oxide substrate are imported from material data. The grating is assumed to be fully etched with a 




Fig. 3.3. (a) Variational FDTD grating coupler simulation environment in Lumerical MODE and (b) Input 
coupling of the optimal grating coupler design versus wavelength. 
 
 
In Fig. 3.3 (a), Lithium Niobate is shown in green color, and oxide is shown in gray. The orange 
box indicates the region in which the simulation is conducted. Any material touching either side 
of the box is assumed to continue infinitely in that direction by the software. A light source is put 
on the optical fiber (shown in light blue), and a power meter on the waveguide measures the 
fraction of the power from the light source that is coupled into the waveguide, which serves as the 
optimization algorithm’s FOM. The software repeats this 2D-FDTD simulation iteratively for each 
particle in the design space according to the PSO algorithm and delivers the best-identified design 
after a certain number of iterations (in this case, 10). 
 
Table 3.1 summarizes optimal design parameters and the coupling efficiency (insertion loss) 
obtained by the 2D-FDTD simulation. The grating shows a 36% coupling efficiency (4.4 dB 
insertion loss) in simulation. The coupling efficiency of the fabricated gratings seems to be lower, 
as discussed in Section 6.2. 
 
The grating coupler explained in this section is used to couple light from the optical fiber in the 
measurement setup into the waveguide. The light wave will then interact with the disk resonator 
discussed in Section 3.2, and travel on the waveguide until it reaches another grating coupler, 









Grating pitch (μm) 1.170 
Duty cycle 0.67 
Film thickness (nm) 560 
Etch depth Full 
Number of periods 20 




3.2  Micro-Ring and Micro-Disk Whispering Gallery Mode Resonators 
Micro-Ring Resonators (MRRs) are optical devices that can resonate at certain frequencies, 
helping design add-drop optical filters. MRRs have an extensive range of applications in photonics, 
such as applications in designing frequency combs, lasers, dispersion compensators, modulators, 
and wavelength domain filters. MRRs produce resonance by passing light wave through their 
circular circumference, that is, light can travel around the ring and interfere with itself. 
Consequently, MRRs do not require long arms to produce the required phase change for 
interference (as opposed to Mach-Zehnder interferometers). This makes MRRs able to be compact 
and have small feature sizes, thus be cheaper to manufacture. This small size will in turn lead to 
smaller parasitic capacitances in RF photonics ring modulators such as the work in [6], making 
them faster and more wideband. MRRs offer high-quality factors and high wavelength selectivity.  
 
In Fig. 3.4, the structure of an MRR and different waves propagating through it could be observed. 
An MRR is made of a circular path (the ring) and one or two access waveguides, which are used 
to couple the light into the ring and collect the output light from it. It is possible to derive a 
mathematical relationship between different electrical field magnitudes in a ring resonator (E1-E4 
in Fig. 3.4). Transmission coefficient (t) and the coupling coefficient ( ) can be defined with the 
matrix equation in (3.5). The relationship between a light wave before and after a round-trip around 




Fig. 3.4. (a) General structure of an MRR and (b) different  
  
electromagnetic waves propagating inside an MRR structure [14]. 
  









] , |t|2 + |κ|2 = 1                                (3.5) 
 
                                                                    E3 = Γ exp(jϕ) . E4                                                         (3.6) 
 
From (3.5) and (3.6), we may derive the total transmittance of the MRR as in (3.7).  








                             (3.7) 
 
At the resonance wavelength, i.e. where 𝜙 = 2𝑘𝜋, we can simplify (3.7) to equation (3.8) below. 
                                          T =
(Γ−t)2
(1−Γt)2
                                                 (3.8) 
A situation where Γ = 𝑡 is called critical coupling, where the transmittance at resonance is zero, 
and the highest resonance attenuation ratio (extinction ratio) is attained, which is usually desirable. 
Due to fabrication variations, it is often hard to achieve critical coupling without tuning the 
resonator electro-optically (as in [5]) or using other methods such as thermal tuning, which is 
widely used in silicon photonics due to silicon’s large thermo-optic coefficients. 
 
A typical spectral response of an MRR is plotted in Fig. 3.5. Three important parameters 
determining the quality of the response are the Quality Factor (Q), which equals the resonance 
wavelength divided by the resonance linewidth, Free Spectral Range (FSR), which is the distance 
between two consecutive resonances, and Finesse, which gives the ratio between the FSR and the 
resonance linewidth.  
                                                                      Q =
λ
Δλ
                                                      (3.9) 
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                                                                     Finesse =
FSR
Δλ
                                                   (3.10) 
 
In order to have a sharp filter response, usually high Q and Finesse are desired. High FSR is often 
desirable in light wave communication systems, as a higher FSR means that the communication 
system can include more adjacent channels, which is equivalent to a higher capacity for 
transmitting data.  
 
 
Fig. 3.5. A typical wavelength-domain response of an MRR [14]. 
 
In Fig. 3.6, the structure of a second-order MRR is depicted. It is possible to couple two or more 
rings together and build higher-order MRRs such as the one in Fig. 3.5. Higher-order MRRs 
intensify the selectivity of the MRR response and offer a steeper drop response, which in turn 
yields lower inter-channel crosstalk and higher Quality Factor. On the other hand, higher-order 
MRRs have more optical loss. 
  
Resonance wavelengths of an MRR can be easily derived using the resonance condition, as in 
(3.11).  
                                                        2πneffr = λiNi → λi =
2πneffr
Ni
                                       (3.11) 
 
Taking the first derivative of Ni with regards to 𝜆 in (3.11) gives an equation for FSR, as in (3.12). 
 









Fig. 3.6. A second-order micro-ring resonator [14]. 
 
 
As shown in optical simulation results for a disk resonator in Section 4.1, the optical mode in ring 
and disk resonators travels on the edges of the resonator. Therefore, the width of the ring does not 
play a role in the resonator’s response, as long as the ring is wide enough to fit the optical mode 
profile. Because of this, a “disk” resonator basically has the same response as a “ring” resonator; 
and all the analysis presented in this section also applies to disk resonators. Both ring resonators 
and disk resonators operate on the basis of an optical mode traveling around the structure and 
interfering with itself. Such a mode is called a Whispering Gallery Mode (WGM) in the literature. 
 
In this work, unlike [4-6], a disk resonator is used instead of a ring resonator. This does not change 
the optical response, however, using a disk has benefits specific to the device in this work. The 
most important motivation of using a disk structure in this work is having the space to place a 
MEMS resonator, electrodes, and probing pads on the device, as it is operating as both an optical 
resonator and a MEMS resonator, as explained in Chapter 1. More details on design and structure 
of the OMPD device is provided in Section 3.4. 
 
The ring resonators in [4-6] have a radius of 30 μm. However, in this work, the disk has a much 
larger radius of 100 μm. This will decrease the FSR of the device according to (3.12), however, 
this will not be a matter of concern in this work, as the device is not intended to be used in optical 
communication systems and a large FSR is simply not needed. The OMPD device in this work 
will exploit the resonances of the disk resonator to absorb and couple more light power into the 
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MEMS resonator, thus increase the temperature change per milliwatt input light power and 
enhance the photodetector’s responsivity. 
 
3.3  RF MEMS Resonators 
Acoustic MEMS resonators have recently become popular in RF communications as they are 
capable of serving important applications such as broadband, high-frequency filters for 5th-
generation wireless (5G) devices [15], low-phase noise oscillators [16], etc. as well as their ability 
to be closely integrated with Integrated Circuits (ICs). Such MEMS resonators based on 
electrostatic or piezoelectric transduction have been subject to research in the last decade. The 
most important factors in evaluating the performance of MEMS resonators are their Quality Factor 
(Q) at resonance, their motional resistance (Rm), and their electromechanical coupling kt
2, the ratio 
of the stored mechanical energy to the stored electrical energy in a resonator. 
 
MEMS resonators leverage a suspended piezoelectric material such as Lead Zirconate Titanate 
(PZT), Gallium Nitride, Lithium Niobate, etc. The suspended piezoelectric film is contacted by 
two or three signal and ground electrodes, which apply an excitation to the piezoelectric material, 
making it mechanically shake due to the piezoelectric effect. Depending on the geometry and size 
of the resonator, thickness of the piezoelectric material, positioning of the electrodes as well as 
their size and the metal they are made from, the resonator will resonate at certain frequencies, 
associated with resonance “modes”, which are different possible forms acoustic waves can 
propagate in the structure. 
 
Each resonance mode is associated with a “resonance” and an “anti-resonance” frequency. At 
resonance, the device will show maximum admittance (hence, minimum impedance) between the 
electrodes. The opposite is true for the anti-resonance frequency, where admittance is minimal and 
impedance is maximal. The resonator’s admittance has to rise at the resonance frequency, then 
quickly fall to the anti-resonance admittance, and then get back to the initial value after anti-
resonance. Such a response is illustrated in Fig. 3.7. The detailed analysis of MEMS resonators 





Fig. 3.7. Frequency response of admittance of a sample RF MEMS resonator with its equivalent circuit 
model [17]. 
 
As it can be seen in Fig. 3.7, admittance drops quickly between resonance and anti-resonance 
frequencies. The OMPD device exploits this fact and the fact that the response shown in Fig. 3.7 
will have a redshift with an increase in the device’s temperature. The reason for this redshift and 
the theoretical calculation of its amount depends on the thermal characteristics of the piezoelectric 
material and is beyond the scope of this thesis. However, this redshift can be observed and 
measured in simulations. Because of this redshift and the sharp slope of a frequency response 
similar to the one in Fig. 3.7, if a measurement of admittance is performed at a fixed frequency 
between resonance and anti-resonance frequencies at two different temperatures, the measured 
values are expected to have a meaningful difference, if there is enough temperature change and 
redshift. This is the main idea behind the operation of the OMPD device. 
 
Figure 3.7 also includes a simple equivalent circuit model for the resonator, which will produce 
the shown admittance response. The motional arm consists of a motional resistance (Rm), motional 
capacitance (Cm), and motional inductance (Lm). Rm models the energy dissipation in the resonator, 
while Lm and Cm represent the interchangeable storage of the mechanical energy in the resonator 
[17]. The values of these elements is derived in [18] as in (3.13-3.15). 
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2                                                              (3.13) 








2                                                   (3.14) 




2                                        (3.15) 
 
The resonance frequency, fs, and the Quality Factor, Q, can be calculated from the element values 
in (3.13-3.15), as demonstrated in (3.16) and (3.17). 
 
                                                       fs =
1
2π√LmCm
                                                   (3.16) 






                                                   (3.17) 
Electrical energy storage in a resonator happens in the static capacitance (Co) in parallel to the 
motional arm. Hence, the anti-resonant frequency fp can be defined as: 
 
                                                     fp = fs√1 +
Cm
Co
                                                   (3.18) 
 
The electrodes on a MEMS resonator are usually excited through conductors that connect them to 
probing pads. Anything connected in series with the resonator can be modeled as a resistance series 
to the circuit model shown in Fig. 3.7. 
 
The MEMS resonator in this work is initially considered to be a rectangle with 35 μm length and 
10 μm width, with two rectangular electrodes across its length, each 1 μm wide and 100 nm thick. 
The spacing between the two electrodes is 2 μm and their edges are 3.5 μm and 2.5 μm far from 
the sides of the Lithium Niobate rectangular resonator. The thickness of the Lithium Niobate film 
is 560 nm, according to the PDK used for this project. This design is obtained by iterative 
simulations and considerations from the optical design. The design and simulation results will be 




3.4  Proposed Structure for the Optomechanical Photodetector  
The optomechanical photodetector device, as mentioned earlier, is a combination of a whispering 
gallery mode optical disk resonator and a suspended RF MEMS resonator. The MEMS resonator 
part is placed on the top portion of the disk, as shown in Fig. 3.8. 
 
 
Fig. 3.8. A schematic of the proposed general design for the OMPD device. Lithium Niobate is shown in 
green, Silicon Oxide in blue, and gold in yellow. The dashed pink line indicates the expected released 
region. 
 
As seen in Fig. 3.8, the RF MEMS resonator is expected to show some resonance modes in between 
the two thin, strip-shaped electrodes on the released area. It is intended to remove the green strip 
inside the black box in Fig. 3.8. However, this is not exactly feasible because of the way the device 
is released, which cannot be precisely controlled. The fabrication process will be discussed in 
Chapter 5.  
 
As shown in Fig. 3.8, an opening is placed on the disk resonator, which confines the resonating 
area from the bottom. The purpose this opening is a shorter time for the wet etching process which 
suspends the MEMS resonator. With this window, the etchant (BOE) will etch the resonating strip 
from both top and bottom sides, halving the etching time. As later discussed in Section 5.4, this is 
incredibly important as the photoresist layer protecting the rest of the device from being exposed 
to BOE will last for a limited amount of time without getting peeled off. As discussed in Section 




The two gold electrodes in Fig. 3.8 are excited via a GS RF probe which contacts the device on 
the two circular pads. The distance between the centers of the pads is designed to be 50 μm, which 
is equal to the pitch of the smallest available probe on the market (see more details in Section 6.1). 
Each pad has a diameter of 30 μm. The area underneath the pads is not expected to be released, 
hence touching the pads with the RF probes will not harm the released device. As it can be seen in 
Fig. 3.8. the pads are connected to the MEMS resonator’s electrodes through a pair of arms which 
are significantly wider than the electrodes and become as wide as them (1 μm) at their point of 
contact. The width of these arms is not expected to have any significant effect on the MEMS 
resonator’s response, but having wider arms helps decrease the series impedance the probes will 
see before the resonator. A large series impedance might make a measurement close to the series 
resonance of the resonator difficult. However, with the width these arms have (changing from few 
10 μm near the pads to 1 μm near the electrodes), their impedance is expected to be only in the 
order of a few ohms, which is negligible compared to the expected series impedance in simulations 
(see Section 4.3) or the measured series impedance (see Section 6.3). The pads and the arms are 
not expected to affect the WGM optical mode, as they are far from the edge of the disk, however, 
the outer electrode is designed to be distant enough from the edge for the WGM mode to maintain 
its proper shape and be able to get coupled into the disk from the waveguide, while still making 
the WGM mode lossy, helping make the optical power be dissipated and contribute to increasing 
the device’s temperature. This will be discussed in more detail in Section 4.1. 
 
Due to the photoresist peeling which is unavoidable in the fabrication process (see Section 5.4), 
the released region will not be exactly rectangular as the proposed design in Section 3.3 suggests, 
and is expected to have a shape similar to what is indicated by the dashed pink line in Fig. 3.8. 
This will slightly change the resonator’s response and introduce spurious modes to it, however, for 
the purpose of this work, this fact will not have a high importance as the only purpose the resonator 
serves is providing a sharp change in the device’s impedance at a resonance frequency as a suitable 
frequency to operate the device. The spurious modes can even be thought of as options for the 
operating frequency if they are large and wide enough to perform a measurement in between their 





Chapter 4: Simulation Results 
4.1  Optical Simulation 
The OMPD device has been simulated in optical, thermal, and acoustic domains. Based on the 
results from these simulations, the responsivity of the OMPD device has been predicted. This 
section will investigate simulations in the optical domain. 
 
First, the whispering gallery mode has been simulated in COMSOL Multiphysics through 
electrostatic modal simulation. For simplicity and lower memory storage, a 2D axisymmetric 
simulation has been performed instead of a 3D one. That is, the effective index is calculated for 
two whispering gallery modes; one around a disk with electrodes and one without. Then, based on 
the actual design and the length of each section, optical response of the disk resonator is simulated 
in Lumerical INTERCONNECT. 
 
Figure 4.1 shows the optical mode simulation for a disk with electrodes in a 2D axisymmetric 
scheme. The disk radius is 100 μm and the electrodes are 100 nm thick. The structure of the 
electrodes is set based on fabrication plans, that is, they consist of 90 nm of gold (Au) on top of 
10 nm of chromium (Cr) which serves as the adhesion layer for gold. The optical characteristics 
of chromium and gold, including their optical loss and refractive index, is assigned based on 
material characteristics. Each electrode is 1 μm wide and the spacing between the electrodes is 2 
μm. The outer electrode is 3.5 μm far from the edge of the disk. The inner electrode and its position 
do not have a significant effect on the optical mode. 
 
It should be noted that the whole optical simulation and design of the OMPD device is based on 
the TM mode. This is because other elements used by this work, such as the grating couplers, are 
designed based on the TM mode. The wavelength assigned for the simulation is 1.55 μm. As seen 
in Fig. 4.1, the effective index calculated by COMSOL Multiphysics is 1.7729 × 10−4 −
𝑖 × 1.0152 × 10−8. The real part of the effective index is the actual effective index of the 
propagating mode, while the imaginary part pertains to optical loss. The effective index shown by 
COMSOL in an axisymmetric simulation turns out to be the actual effective index times the radius 
of the axisymmetric structure. Therefore, the actual effective index for this mode is 1.7729 and the 
loss is 35.74 dB/cm. The same simulation without the metal electrodes will give an effective index 
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of 1.7734, which shows that the mode profile is not significantly affected by the electrodes, while 





Fig. 4.1. Electric field magnitude in 2D axisymmetric simulation of the whispering gallery mode of the 
disk resonator with electrodes in COMSOL Multiphysics. 
 
We can approximate the round-trip loss of the disk resonator by thinking of the structure as 35 
μm of a structure with metals next to 593 μm of a structure without metal. The 35 μm length is the 
length of the MEMS resonator, which is part of the disk where electrodes exist. 593 μm is the 
circumference of a disk with a 100 μm radius, minus the 35 μm that pertains to the region with 
electrodes. Given that the area with electrodes has an optical loss of 35.74 dB/cm and the area 
without electrodes is not expected to have any optical loss, the round-trip loss for the whole 
structure can be estimated at 2.2%. This gives an optical Quality Factor (Q) of 45. 
 
Although the approximation described above only considers the two parallel electrodes as the 
metal part of the structure, it is still very accurate as the rest of metal structures – probing pads and 
connecting arms – are too far away from the optical mode and have almost no effect on it. 
 
The wavelength-domain spectrum of the optical response may be obtained through a full FDTD 
or variational FDTD simulation in Lumerical FDTD or Lumerical MODE. However, because the 
structure is very large compared to wavelength of light (1.55 μm), such simulations will take a lot 
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of time and consume a massive amount of processing power. Thus, an alternative method is used 
to calculate the response more quickly. That is, two simple waveguides with refractive indices and 
optical losses of parts of the disk with and without metal electrodes have been juxtaposed and put 
into a circle that couples to another waveguide with the coupling coefficient that is expected 
between the disk resonator and its access waveguide. This simulation in done in Lumerical 
INTERCONNECT and is depicted in Fig. 4.2. 
 
Fig. 4.2. Optical simulation of the disk resonator in Lumerical INTERCONNECT. 
 
 
As mentioned, the lengths, refractive indices, and optical losses of the two waveguide sections, 
named WGD_1 and WGD_2 in Fig. 4.2, come from the mode simulation in COMSOL 
Multiphysics. The coupling region, named C_1, is assigned a coupling coefficient obtained from 
a variational FDTD simulation. The response of the whole structure, which emulates the disk 
resonator, is measured by an optical network analyzer (ONA_1). 
 
The variational FDTD simulation for calculating the coupling coefficient is shown in Fig. 4.3. 
Here, the simulation region intersects with the disk in order for the software to consider the disk 
as an infinite structure, therefore not simulate the circulation of light and the resonance effect, 
hence only simulating the coupling of light from the waveguide into the disk. A light source sends 
light into the access waveguide, and the ratio of the light power coupled into the disk (𝜅, 𝑘𝑎𝑝𝑝𝑎) 
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will be the source power minus the amount of light that reaches a power meter at the end of the 




Fig. 4.3. Variational FDTD simulation of the disk-waveguide coupling coefficient in Lumerical MODE 
(a) the simulation schematic and (b) the measured light power after the disk resonator versus disk-
waveguide gap and corresponding coupling coefficients at certain gaps shown in a table. 
 
 
The simulation in Fig. 4.3 is repeated for various waveguide-disk gaps from 50 nm to 1 μm, and 
the measured output light is plotted against the gap size. All simulation is performed at the 
wavelength of 1.55 μm. As expected, the measured output light increases, meaning that the 
coupling coefficient decreases, as the gap becomes larger. The coupling coefficient is 0.73 at a 50 
nm gap and falls to 0.18 at a 200 nm gap. In the actual fabricated device, a gap of 150 nm is used, 
which has a coupling coefficient of 0.3. 
 
The results of the simulation in Fig. 4.2 for several gap sizes and coupling coefficients are 
presented in Fig. 4.4. According to the responses plotted in Fig. 4.4, an extinction ratio of up to 
2.5 dB is achievable. This extinction ratio is, of course, very low compared to designs in works 
such as [4]. The reason is that the optical resonator in this work exhibits a large optical loss and a 
low optical Q. We have to accept this low extinction ratio as the OMPD device needs the optical 






Fig. 4.4. Simulated wavelength spectrum of optical response of the disk resonator for different disk-
waveguide gap sizes in Lumerical INTERCONNECT with (a) 𝜅 = 0.5, gap = 100 nm, (b) 𝜅 = 0.18, gap = 
200 nm, and (c) 𝜅 = 0.3, gap = 150 nm. 
 
 
As mentioned before, a 150 nm gap was selected for the OMPD device, which exhibits a coupling 
coefficient of 0.3 and an extinction ratio of 2.1 dB, according to the simulation. This choice was 
made based on a compromise between the extinction ratio and the bandwidth at resonance 
(FWHM). A very small bandwidth makes it difficult to catch the optical resonance and couple 
light at a high-extinction wavelength into the device. 
 
It is interesting to notice that the FSR of the disk resonator is small (only around 4 nm according 
to Fig. 4.4). This is expected as the disk has a large radius and FSR is inversely proportional to the 
radius according to (3.12). A low FSR would be a problem in an optical communication system, 
however, it is not in this work as the OMPD device is not designed for such applications. 
 
It should be noted that the design of the OMPD device, such as the size of the MEMS resonator 
and the positioning and size of its electrodes, is performed based on results from simulations in all 
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optical, thermal, and acoustic domains, and the device is designed in a way that all those 
simulations yield an acceptable result in terms of acoustic response, temperature change and its 
speed, optical mode profile and optical loss, and the wavelength-domain optical response. 
Fabrication process considerations have also been made. 
 
4.2  Thermal Simulation 
The goal of the thermal simulation is to determine if the OMPD device is capable of heating the 
MEMS resonator up to a temperature high enough to create sufficient redshift in its frequency 
response, hence producing a measurable responsivity. The thermal simulation is done in a 
COMSOL Multiphysics 3D environment, via heat physics. The geometry is shown in Fig. 4.5. 
This geometry consists of a Lithium Niobate disk with a radius of 100 μm, modeling the disk 
resonator, on top of a Silicon Oxide disk with a 70 μm radius, extending from the center of the 
Lithium Niobate disk through the inner edge of the opening on the disk. This Silicon Oxide disk 
models the under-etched oxide layer underneath the disk. As Fig. 4.5 shows, the etching opening 
is also placed on the disk. The electrodes, probing pads, and connecting arms are also accounted 
for. Thermal characteristics of Lithium Niobate, Silicon Oxide, and gold, such as their heat 
capacity and thermal conductivity, have been assigned according to available material data. 
 
Fig. 4.5. COMSOL Multiphysics geometry for thermal simulation of the OMPD device (a) 3D view and 
(b) top view. 
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In the thermal simulation, the outer electrode in the suspended region indicated in a red circle in 
Fig. 4.5 has been assigned a constant heat power of 1 mW and operates as a heat source. Then, the 
amount of temperature change is obtained per milliwatt input power. The reason the outer electrode 
is selected as the heat source is that most of the dissipated optical power in the disk resonator is 
expected to be lost through this electrode, as it is close to the optical mode as shown in Fig. 4.1. 
 
Because the geometry in Fig. 4.5 is asymmetrical and complex, it is difficult to obtain a closed-
form theoretical equation for the thermal response, however, the temperature profile can be 
calculated by the COMSOL simulation quickly and easily. The boundary conditions for all the 
surfaces, except the bottom side of the oxide disk, is a constant convection rate of 10 W/m.K. The 
bottom side of the oxide disk had a constant temperature boundary condition, equal to the whole 
structure’s initial temperature of 290 K, to model the large substrate underneath the whole device. 
 
The generated heat map for 1 mW of input power to the outer electrode is presented in Fig. 4.6 (a). 
The amount of temperature change can be read from the color bar next to the heat map. The 
temperature change, which is the actual temperature minus the initial temperature of 290 K, is 
plotted on the two lines (green and blue) shown on Fig. 4.6 (a) in Fig. 4.6 (b). As it can be seen in 
Fig. 4.6 (b), the temperature change is larger at the middle of the suspended MEMS resonator (blue 
graph) than the edges (green graph). On both graphs, the temperature is maximum on the heat 
source (outer electrode) and falls as we get further away from it on either side. The temperature 
profile is inhomogeneous and different on different locations on the MEMS resonator, however, 
as a rough estimation, we can tell that the average amount of temperature change on the MEMS 
resonator is about 70 K/mW. This is a relatively large temperature change, and the reason it is 
possible is that the suspended MEMS resonator is thermally confined. On the suspended area, the 
only way the heat produced by the outer electrode can escape is to propagate through the extremely 
small cross-section of the resonator, which is only 10 μm × 1 μm large. This means a large 
thermal resistance, defined as the ratio between the thermal power and temperature change. This 





Fig. 4.6. Steady-state thermal simulation result of the OMPD device in COMSOL Multiphysics (a) heat 
map and (b) temperature profile on the green and blue lines shown on the heat map. 
 
 
The results in Fig. 4.6 show the steady-state thermal response, which is when the device has 
reached thermal equilibrium. It is also important to know how fast this equilibrium is reached. This 
would help know the bandwidth and speed the device can operate at. For this purpose, a time-
dependent thermal simulation is performed in COMSOL Multiphysics. The geometry and 
boundary conditions remain the same as the steady-state simulation. 
 
Figure 4.7 shows the results obtained from the time-dependent simulation. In Fig. 4.7, the 
temperature change at three locations, shown by dots in red, blue, and green on the geometry in 
Fig. 4.7 (a), is plotted versus time in Fig. 4.7 (b). The graphs in Fig. 4.7 (b) correspond to dots with 
the same colors in Fig. 4.7 (a). As these graphs suggest, at any point, the temperature increases 
with the same time constant, but the maximum it reaches depends on the location. The closer to 
the heat source (outer electrode) we measure the temperature, the more it changes. On the edge of 
the disk, the temperature can change up to 100 K, as the red graph in Fig. 4.7 (b) suggests. This 
change is about 45 K on the inner electrode and about 19 K on the outer side of the opening. 
Regardless of the location, the temperature profile will be almost stable after around 0.25 ms, 






Fig. 4.7. Time-dependent thermal simulation result of the OMPD device in COMSOL Multiphysics (a) 




The 4 KHz bandwidth is acceptable for the OMPD device, as it is used for measuring slow-
changing signals such as the Cosmic Microwave Background (CMB) in space applications and is 
not designed to be used in high-data rate communication systems. The 0.25 ms delay is quite 
acceptable in such applications and is not even sensible when performing manual measurements 
in the laboratory. This delay would be larger if heat needed to propagate on a more considerable 
distance (e.g. on the radius of the disk). However, in this design it only needs to travel within the 
released MEMS resonator area, and as a result, thermal stability is attained faster. 
 
The 70 K/mW average temperature change calculated from the result in Fig. 4.6 is used to calculate 
the redshift of the acoustic response in Section 4.3. Because the simulated geometries in thermal 
and acoustic simulations are not the same, it is not possible to perform a coupled physics simulation 
in those two domains, however, the mentioned approximation is expected to give an acceptable 
estimation of the device’s performance and responsivity. 
 
 
4.3  Acoustic Simulation 
The MEMS resonator part of the OMPD device is simulated in COMSOL Multiphysics’ 
piezoelectric physics, which is a coupled physics in solid mechanics and electrostatic domains. 
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The purpose of this simulation is to identify the approximate acoustic response of the device and 
its acoustic modes, as well as obtain a reasonably good design. 
 
Figure 4.8 shows the simulated geometry. The geometry only consists of a Lithium Niobate strip 
and two strip-shaped gold electrodes on top of it. This structure emulates the released MEMS 
resonator portion of the device, which is indicated as “suspended region” in the full geometry in 
Fig. 4.5 (b). Although the suspended region is a portion of the circumference of the disk and is not 
a straight line, the geometry in Fig. 4.8 is still a good approximation as the curvature of the MEMS 




Fig. 4.8. The geometry used for acoustic simulation of the MEMS resonator portion of the OMPD device. 
 
 
The Lithium Niobate strip and the electrodes are 35 μm long. The Lithium Niobate resonator is 10 
μm wide, which means two 5 μm undercutting etches are needed from its two sides to fully release 
it. The electrodes are each 1 μm wide and 100 nm thick and have a spacing of 2 μm between them. 
The Lithium Niobate film is 560 nm thick according to the project’s PDK, and the outer electrode 
is 3.5 μm away from the outer edge of the resonator. As mentioned before, this distance is obtained 
from iterative optical and acoustic simulations. The electrodes’ width and spacing, as well as the 
length and width of the resonator have also been optimized through acoustic simulations. As for 
the boundary conditions, the whole structure is mechanically free, except for the two smaller sides 
of the resonator which have been assigned a fixed constraint. This has been shown in Fig. 4.8. 
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It should be noted that this simulation only estimates the response of the acoustic resonator and 
cannot be very accurate. The shape of the released region will not exactly be the same as the 
simulated geometry due to the peeling of the protective photoresist in the wet etching process, 
which will be discussed in more detail in Section 5.4. This might produce some spurious modes 
that will not be seen in the simulation. 
 
The frequency domain simulation result of the acoustic response of the resonator’s admittance 
between its two electrodes is plotted in Fig. 4.9. Figure 4.9 (a) shows the admittance response from 
2.5 GHz to 4 GHz. Figure 4.9 (b) zooms on the wide resonance seen in Fig. 4.9 (a) between 3.4 
GHz and 3.9 GHz, and the slope of changes in impedance with frequency have been indicated on 
it at three different regions on the curve. 
 
 
Fig. 4.9. (a) The simulated acoustic response of the admittance of the OMPD device from 2.5 GHz to 4.0 
GHz in COMSOL Multiphysics and (b) impedance of the fundamental acoustic mode from 3.4 GHz to 
3.9 GHz. 
 
In Fig. 4.9 (a), the fundamental mode between 3.4 GHz and 3.9 GHz is the acoustic mode traveling 
from one electrode to the other one. Other modes, such as the small ones at 3.0 GHz and 3.2 GHz, 
are spurious modes that travel inside the resonator on other paths. Such modes are usually 
unwanted and works such as [19] and [20] have proposed methods for suppressing them in Lithium 
Niobate MEMS resonators, however, they do not interfere with the operation of the OMPD device 
discussed in this thesis. If the resolution of the measurement setup allows it, they might even be 
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good options for measuring the impedance of the device as the impedance changes very rapidly at 
those resonances and hence the device can show a high responsivity.  
 
The admittance at resonance is -46 dB, which is equivalent to an impedance of around 200 Ω, 
while the anti-resonant admittance is -108 dB, equivalent to a 251 kΩ impedance. We usually want 
to avoid making a measurement very close to the resonance frequency (the peak of the admittance 
curve) as the series impedance of the probing pads, connecting arms, and the measurement setup 
can easily change the impedance at that frequency, hence making the measurement inaccurate. 
Measuring at anti-resonance is also not desirable due to the large impedance which requires an 
equally large impedance in the read-out circuitry. Therefore, the region between resonance and 
anti-resonance frequencies is best for operating the device. In Fig. 4.9 (b), the rate of changes in 
impedance is calculated on three different regions of the fundamental mode. As the figure shows, 
the rate of changes in impedance per frequency varies from 47 kΩ/GHz to 72 kΩ/GHz close to the 
resonance. The region between 3.55 GHz and 3.64 GHz, on which the slope is measured in Fig. 
4.9 (b), is the best region to make a measurement as it does not have any significant spurious 
modes. This is not necessarily the case in the actual fabricated device. 
 
Figure 4.10 shows the linear value of impedance between 2.5 GHz and 4.0 GHz and helps make a 
better sense of the slopes shown on Fig. 4.9 (b), which plots the logarithmic value of admittance. 
The acoustic response and its slope obtained in this section can help calculate the expected 
responsivity of the device along with results from optical and thermal simulations. Simulation at 
different temperatures shows a redshift of about 150 KHz/K in the frequency response of Lithium 
Niobate resonators per degree temperature increase. Section 4.4 will use this simulation data to 









4.4  Estimation of Responsivity Based on Simulation 
The responsivity of the OMPD device can be theoretically estimated based on optical, thermal, 
and acoustic simulation results obtained earlier in this chapter. This estimation will later be 
compared against the measured responsivity of the fabricated device in Chapter 6. 
 
First, we need to calculate the rate of changes in the device’s impedance with temperature. We can 
write this rate as in Equation (4.1): 









                                    (4.1) 
 












 as we 






  according to (4.1). The 
Temperature Coefficient of Impedance (TCZ) can then be obtained as in (4.2). 
 




= %0.55 / K                                   (4.2) 
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 is equal to the assumed amount of 72
KΩ
GHz
 on the frequency response in Fig. 
4.9. 
 
In the thermal simulation results, shown in Fig. 4.6, it was concluded that the average temperature 
change of the resonator per milliwatt input power was 70 K: 
 






                                          (4.3) 
 
The overall rate of temperature change with the power injected into the device depends on both 
the thermal effect presented in (4.3) and the ratio of the input power that is coupled into the disk 
resonator. The latter depends on the ratio of the input power the grating couplers couple into the 
waveguides, as well as the ratio of power that the waveguide couples into the disk. Equation (4.4) 
quantifies this fact. 
 
                        
Pcoupled
Pin
= light coupling coefficient × grating coupler efficiency     (4.4) 
 
Assuming the grating coupler efficiency is 20% and an extinction ratio of around 2 dB, which is 
obtained from the optical simulations in Section 4.1, 
𝑃𝑐𝑜𝑢𝑝𝑙𝑒𝑑
𝑃𝑖𝑛
= 0.2 × 0.37 = 0.074 according to 
(4.4). The rate of changes in temperature with input power can then be calculated according to 
(4.5). 
 












× 0.074 = 5.18
K
mW
                 (4.5) 
 
Finally, the responsivity will be the TCZ times 
dT
Pin
 calculated in (4.5), which is obtained in (4.6). 









= %2.85 / mW     (4.6) 







Chapter 5: Fabrication Process 
5.1  Overview of the Fabrication Process 
The Optomechanical photodetector device introduced in Chapters 1-4 has been fabricated on a 
Lithium Niobate on Silicon Oxide sample in a cleanroom laboratory in three major steps. This 
chapter will review this process and provide more details regarding each of these steps, as well as 
fabrication recipes and pictures of the device after each step. 
 
Figure 5.1 shows a flowchart of the fabrication process. The first step (1) is depositing the gold 
electrodes, probing pads, and connecting arms. In the second step (2), the Lithium Niobate layer 
is etched and the disk resonator, waveguides and grating couplers are created. Finally, in the third 
step (3), the MEMS resonator portion of the disk is suspended, while the rest of the device is 




Fig. 5.1. Fabrication flowchart for the optomechanical photodetector device. 
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As Fig. 5.1 suggests, the initial sample comes from a wafer with 560 nm of z-cut Lithium Niobate 
on top of 2.5 μm of Silicon Oxide (SiO2), all on top of a silicon substrate. In Step 1 (metal 
deposition), first an e-beam lithography is done and the e-beam resist is developed. Then, gold is 
deposited on the sample, landing on Lithium Niobate on the regions where metal is intended to 
exist, and on the resist elsewhere. Then, the metal layer on the resist is lifted off and electrodes are 
formed on the Lithium Niobate layer. This step will be deliberated about in Section 5.2. 
 
In Step 2, the Lithium Niobate layer is etched in order to form the Lithium Niobate devices 
including the disk resonator, waveguides, and grating couplers. For this purpose, first a layer of 
oxide is deposited on the sample as a hard mask for etching Lithium Niobate. Then, another e-
beam lithography is performed to pattern the Lithium Niobate devices. Subsequently, a layer of 
Chromium (Cr) is deposited and lifted off to serve as a hard mask for etching the oxide layer. The 
deposited oxide layer and the Lithium Niobate layer are then vertically etched, respectively. As 
Fig. 5.1 suggests, a thin layer of oxide will remain on top of the Lithium Niobate devices. Further 
details about this step, as well as a more detailed flowchart for it will be provided in Section 5.3. 
 
In Step 3, first a thick layer of photoresist is deposited on most of the sample to protect it from the 
wet etchant (BOE), leaving only a small area around the MEMS resonator and the disk’s opening 
exposed to BOE. Then, the sample is put in BOE so that the oxide underneath the MEMS resonator 
is undercut and the resonator is suspended. BOE will also remove the oxide deposited on top of 
the metal layer, allowing the probing pads to be directly contacted by the measurement probes. 
This step will be delved into in Section 5.4. 
 
  
5.2  Metal Deposition 
The first step of the fabrication process is constructing the gold electrodes on top of the Lithium 
Niobate substrate, which includes steps (1-1) through (1-3) in the fabrication flowchart in Fig. 5.1. 
In this process, the metal layer needs to be formed before etching the Lithium Niobate layer. The 
reason for this is that the Lithium Niobate etching step requires depositing a layer of oxide as a 
hard mask for etching, part of which will remain on the Lithium Niobate even after etching. If 
Lithium Niobate etching was done before metallization, the electrodes would be placed on top of 




In this step, first we need to form the required pattern by electron beam (e-beam) lithography. The 
finest features on the metal layer are the resonator’s electrodes which are 1 μm wide. That is within 
the size limits possible to be patterned by photolithography, however, e-beam lithography is used 
for the sake of a higher precision as the MEMS resonator design is sensitive to the dimensions of 
its features. Because we are depositing metal on the patterned features, meaning that the area of 
the resist exposed to the electron beam should be removed after developing, a positive e-beam 
resist is needed. This process uses a Polymethyl Methacrylate (PMMA) layer of 1 μm thickness. 
The thicker the intended metal thickness, the more e-beam resist thickness should be used to make 
the lift-off process easier. A larger resist thickness requires a slower spinning speed when spin-
coating the resist. Alternative e-beam resists can be used in order to attain a lower resist thickness. 
ZEP, for instance, usually requires a smaller thickness than PMMA.  The advantage of a smaller 
resist thickness is a higher precision in the patterns formed by the resist. 
 
After spinning and developing the e-beam resist, the sample is ready for metal deposition. Here, 
the gold layer is deposited via metal evaporation. In this process, a target made of the intended 
metal is evaporated in vacuum and the evaporated metal atoms travel toward the surface on which 
they are supposed to land, where they condense and form a uniform layer of metal. In this work, 
this is done using a Lesker Contact Evaporator machine, which automatically sets the required 
chamber pressure and temperature, as well as the process time for a given metal and intended 
thickness. In this work, the electrodes are 100 nm thick and consist of 10 nm of chromium (Cr) 
and 90 nm of gold (Au). The thin Cr layer serves as an adhesion layer, helping the gold electrodes 
adhere to the Lithium Niobate and not get separated from it in the subsequent steps of the 
fabrication process. The Cr adhesion layer turns out to make the optical mode slightly more lossy. 
This effect has already been considered in the mode simulation presented in Fig. 4.1. 
 
The deposition rate of the Lesker Contact Evaporator machine is 0.5 Angstrom per second (Ao/s) 
for the first 50 nm of deposited metal, and 1.0 Ao/s afterwards. This means that it will take around 
25 minutes to deposit 100 nm of metal, as done in this work. Approximately one hour should be 
added to this time for the overheads of the process and the time the machine needs to warm up and 
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pump and prepare the evaporation chamber before deposition and cool down, vent, and clean the 
chamber after deposition. 
 
After deposition, the resist and the metal deposited on top of it need to be removed. Acetone can 
be used to dissolve the resist. However, the resist will not be removed by simply dipping the sample 
in acetone as a thin layer of metal will be deposited on the resist’s sidewall, not allowing acetone 
to touch the resist. The solution to this problem is shaking the sample in an ultrasonic bath while 
in acetone. The ultrasound waves will break the thin metal layer on the sidewalls of the resist, 
helping the resist to be lifted off. Usually, a few minutes of shaking the beaker containing acetone 
and the sample in the ultrasonic bath will be enough to complete the lift-off process. 
 
The metal features will be formed after the lift-off process, and the sample would be ready for the 
next step. The metal features are visible in an optical microscope. Figure 5.2 shows microscope 
photos of the metal features created after the completion of the metallization step. Probing pads, 
connecting arms, and the electrodes are clearly visible in the photos. It can be seen that the metal 
features are formed almost precisely the same as the design, which has been made possible by the 
high precision of e-beam lithography. Next step in the process will be patterning and etching the 
Lithium Niobate layer underneath the metal features. 
 
5.3  Dry Etching of Silicon Oxide and Lithium Niobate 
After metallization, time comes for etching the Lithium Niobate layer and form the Lithium 
Niobate devices, including the disk resonator, waveguides, and grating couplers. In doing so, we 
need an etching mask to protect the region that is not supposed to be etched from the etching gas. 
In this work, a layer of Silicon Oxide (SiO2) is used as the etch mask. The idea and recipe for this 
process is first proposed in [13] and used to fabricate the Lithium Niobate photonic devices in [4-
6]. Silicon Oxide proves to have an etch rate close to Lithium Niobate under the recipe used in 
[13], therefore making possible a reasonable etch selectivity, defined as the ratio between the 




Fig. 5.2. Microscope photos of the metal features of the optomechanical photodetector device after the 
metallization step (a) all metal features of one OMPD device and (b) close view of the MEMS resonator 
electrodes. 
 
In the etching process proposed in [13], a chromium (Cr) mask is used to etch and shape the oxide 
mask itself. This part of the process is similar to the metallization process discussed in Section 5.2; 
first an e-beam lithography is conducted and then the Cr mask is deposited and lifted off. The 
thicknesses of the Cr layer should be large enough to fully protect the unetched parts of the oxide 
mask while the rest of the oxide layer is being etched. The remaining chromium will be quickly 
removed by chlorine, which is the main part of the gas mixture used to etch Lithium Niobate later 
on. Similarly, the thickness of the oxide layer should be large enough to fully protect the unetched 
parts of the Lithium Niobate layer. A portion of the oxide mask will remain on top of the formed 
Lithium Niobate features. This will not significantly affect the optical mode’s profile and the 
optical operation of the OMPD device due to the large refractive index contrast between Lithium 
Niobate and Silicon Oxide, however, the oxide sitting on the probing pads would be a problem as 
it will not allow the measurement probes to touch the metal. In the next step of the process, 
suspension of the MEMS resonator, which is discussed in Section 5.4, the peeling of the protective 
photoresist will allow BOE to reach the area underneath the photoresist where the pads are located. 




This whole step of the fabrication process is shown as (2) in the flowchart in Fig. 5.1. In Fig. 5.3, 
details of this step are shown with another flowchart. This is, in fact, the same flowchart suggested 




Fig. 5.3. Fabrication flowchart for etching Lithium Niobate [13]. 
 
 
The deposited Silicon Oxide layer in step (2) of the flowchart in Fig. 5.3 is 900 nm thick, which is 
sufficient to etch 560 nm of Lithium Niobate. The oxide layer is deposited using Plasma-Enhanced 
Chemical Vapor Deposition (PECVD). In such a process, a plasma is created in a chamber using 
RF or DC discharge, and the coating substance is produced by the reaction of gases injected into 
the plasma chamber. Different coatings can be deposited by the proper selection of the reacting 
gases. The Silicon Oxide layer in this process is produced by the reaction of Silane (SiH4) and 
Nitrous Oxide (N2O). The PECVD process is performed in a Trion Orion Minilock machine. 
 
Steps 3-6 in Fig. 5.3 are similar to the gold metallization process in Section 5.2, including e-beam 
lithography, metal deposition, and lift-off. The resist in step (3) can be PMMA or ZEP, just like 
that process. The thickness of the deposited Cr mask is 50 nm, large enough to etch 900 nm of 
Silicon Oxide. The thickness of the PMMA layer used in patterning the Cr mask is 400 nm. 
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Dry etching of the oxide layer, step (7) in Fig. 5.3, is performed in a PlasmaTherm ICP RIE 
machine. The gas mixture used for etching SiO2 consists of oxygen (5 sccm) and CHF3 (40 sccm). 
The chamber pressure is 5 mTorr and ICP and RIE powers are 800 W and 100 W, respectively. 
The expected etch rate of SiO2 under this recipe is 180 nm/min according to [13]. 
 
Dry etching of Lithium Niobate, step (8) in Fig. 5.3, is also performed in the PlasmaTherm ICP 
RIE machine. The etching gas mixture is chlorine (Cl2) with a flow of 5 sccm, BCl3 (15 sccm), 
and Argon (18 sccm). The chamber pressure is 5 mTorr, and ICP and RIE powers are 900 W and 
290 W, respectively. The expected etch rate of Lithium Niobate under this recipe is about 172 
nm/min. The same recipe etches SiO2 with a rate of 144 nm/min according to [13]. These rates 
mean that the etch selectivity of SiO2 over Lithium Niobate is 0.84. It should be noted that the 
mentioned etch rates will be different in each trial of the etching process, depending on the 
conditions of the chamber and the sample. This is why it is important to re-characterize the etch 
rates using dummy samples, in the same chamber and preferably on the same day the main etching 
process is going to take place. 
 
Scanning Electron Microscope (SEM) pictures of the device after dry etching of Lithium Niobate 
are presented in Fig. 5.4. It is seen that all the features, including the waveguides, grating couplers, 





Fig. 5.4. SEM pictures of the OMPD device after the dry etching step (a) the disk resonator and its access 
waveguide, (b) close view of the disk resonator, its opening, and metal features, (c) the disk-waveguide 
coupling region, and (d) a grating coupler. 
 
 
5.4  Wet Etching of Silicon Oxide and MEMS Resonator Suspension 
The final step of the fabrication process of the OMPD device is suspending the MEMS resonator 
portion of the disk resonator, shown as steps (3-1) and (3-2) in the flowchart in Fig. 5.1. In this 
step, an etchant agent is used to undercut the oxide underneath the intended released area. In doing 
so, the sample should be dipped in the etchant. Hydrofluoric Acid (HF), or its diluted and buffered 
version, Buffered Oxide Etch (BOE) are often used to etch Silicon Oxide. BOE is a mixture of a 
buffering agent, such as ammonium fluoride (NH4F), and hydrofluoric acid (HF) with a certain 
ratio. In this work, BOE 10:1 (one part of HF for every 10 parts of buffer) is used as the etchant, 
which etches SiO2 with an approximate rate of 75 nm/min. With this rate, releasing the MEMS 
resonator – which is 10 μm wide – from two sides (the edge of the disk and the opening on the 
disk) will take around 67 minutes. The etching rate and duration are subject to variations depending 
on factors such as temperature and thickness and age of the etchant; and therefore, the etch rate 
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needs to be characterized on a dummy sample shortly before releasing the devices on the main 
sample. 
 
There is an important hint about this step of the process: we cannot expose all the sample’s area to 
the etchant. The etchant should only touch the area which it is supposed to release, and not the 
waveguides and grating couplers. Because the waveguides are very long compared to their width 
of 1 μm, releasing them would make them very fragile and they will likely break easily, hindering 
the OMPD device from functioning. Similarly, grating couplers contain sub-micron features that 
will be quickly undercut and destroyed by the etchant if attacked by it. That will make it impossible 
to couple any light into the OMPD device, therefore making measuring the responsivity 
impossible. As a result, the waveguides and grating couplers should somehow be protected from 
the etchant, while it still contacts the area we want to release. 
 
In [21], SPR-220, a positive photoresist with high adhesion capable of providing large thicknesses 
up to 10 μm, is used to define releasing windows in a similar wet etching process. The etching 
length in [21] has been more than 10 μm, well larger than the 5 μm (from each side) intended in 
this work, however, [21] has not used SPR-220 for the purpose of protecting other components or 
devices from being attacked by BOE. It has been observed in the characterization of the behavior 
of SPR-220 in BOE that a hard-baked photoresist layer of 4.7 μm thickness peels off with a speed 
of 1-2 μm/min, depending on the size of the releasing window. Generally, the larger a side of the 
releasing window, the faster the photoresist peels off on that side. In [21] this has not been a 
problem, but in this work, it should be ensured that the etchant will not attack the waveguides and 
grating couplers despite the cited peeling. During the expected 60-70 minutes of etching, the 
peeling is expected to be less than 140 μm according to the characterized peeling rate. Since the 
disk resonator’s radius is 100 μm, if we define a releasing window limited to the MEMS resonator 
area, BOE is not expected to reach the waveguide, and the farthest it will attack will certainly be 
well distant from the grating couplers. It will, however, attack most of the area on the disk resonator 
due to photoresist peeling. This is, in fact, desirable because it will remove the oxide layer 
deposited on the gold probing pads in the dry etching phase. If that oxide layer is not removed 
from the pads, the RF measurement probes will not be able to touch the pads and measure the 




Figure 5.5 shows a microscope photo of a releasing window around the MEMS resonator on a 
dummy device. This dummy device has been used for characterization of the wet etching process 
and is basically the same as the main device but without the metal features. 
 
 
Fig. 5.5. An SPR-220 releasing window around the disk resonator’s opening. 
 
 
The releasing window in Fig. 5.5 is 5 μm away from three sides of the opening and 12 μm away 
from the edge of the disk. SPR-220 will initially cover every region outside of this window, 
including the waveguides and grating couplers. The photoresist will be removed after releasing by 
dipping the sample in acetone for around 1 minute. 
 
The recipes for wet etching and photolithography of SPR-220 can be found in Appendix A. After 
wet etching, like any other releasing process, it is important to dry the sample in a Critical Point 
Drier (CPD). CPD is a process to remove liquids from a micro-structure in a controlled way which 
does not apply any tension on released structures, as opposed to simple air drying. Such tension 
can break delicate released devices, which is why air drying is not an option for released MEMS 
devices. The CPD process circumvents the critical point of the liquid and avoids the direct liquid-
gas transition that happens in air drying. The critical point of IPA, which is the last liquid the 
released sample will be transferred to according to the recipe in Appendix A, is 508.7 K (235.6 




Figure 5.6 contains microscope photos of a fabricated OMPD device after releasing and critical 
point drying. The photoresist is removed in the process, as explained in Appendix A. 
 
 
Fig. 5.6. A fabricated optomechanical photodetector device after releasing and CPD (a) the disk resonator 
and its access waveguide, (b) a closer view of the disk resonator and the waveguide, (c) a closer view of 
the disk resonator, and (d) a close view of the released region. 
 
The released area can be distinguished (in lighter color) in Fig. 5.6. It can be seen that the 
waveguide has remained intact. The released area extends farther than just the intended strip on 
which the MEMS resonator is placed, which is due to the peeling of the photoresist which makes 
a larger area around the disk exposed to BOE. This can add spurious modes to the response of the 
MEMS resonator. 
 
5.5  Lithography Mask 
The patterns produced by e-beam or optical lithography in metallization, dry etching, and releasing 
stages are drawn on a single .GDS layout. Metal, Lithium Niobate, and photoresist features are 
drawn on different layers. Different features on the Lithium Niobate layer which require different 
48 
 
resolutions are also placed on different layers. Doing so turns out to ease the proximity correction 
process which is carried out before e-beam lithography. Proximity correction takes into 
consideration the scattering of electrons and modifies the exposure dose on different areas of the 
mask in a way that the features are created with the smallest error. Grating couplers and waveguide 
curves are the portions of the Lithium Niobate layer that are placed on different layers on the mask 
as they need a higher resolution due to containing finer features. This difference of layers is merely 
for the purpose of use by the proximity correction software, BEAMER, and will not affect the 
fabricated device, i.e. all Lithium Niobate features will be created on the same actual layer. 
 
Figure 5.7 shows a top view of the entire layout. Twelve identical OMPD devices were placed on 
the layout in a grid of three rows and four columns. The distance between the rows is 3 mm and 
devices on a row have a horizontal distance of 2 mm. It is important for these distances to be an 
identical integer to make it easier for the lithography machine to move from a device to another 




Fig. 5.7. Mask layout for all OMPD devices in a 3 mm × 2 mm grid. 
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There are two optical alignment marks on the left and right sides of each device. Each device’s 
alignment marks have a 1.9 mm distance from each other and are designed for aligning the fiber 
array in the measurement setup to the grating couplers. The measurement setup will be discussed 
in more detail in Section 6.1. 
 
In Fig. 5.8, closer views of different components of each OMPD device’s layout are provided. All 
sizes are chosen according to the designs presented earlier. The grating couplers in Fig. 5.8 (b) 
have a 250 μm distance, equal to the fiber spacing in the fiber array. The grating coupler in Fig. 
5.8 (c) has a rectangular design, each of its ridges being 784 nm wide with a spacing of 386 nm 
between them, according to the design discussed in Section 3.1. The waveguide curve in Fig. 5.8 
(d) has a 45 μm radius and is necessary to guide the light from the vertical waveguide into the 




Fig. 5.8. Components of the OMPD device’s mask layout (a) disk resonator, (b) grating couplers and 






Chapter 6: Experimental Results 
6.1  Measurement Setup 
The fabricated optomechanical photodetector device has been measured in optical and RF domains 
in the setup shown in Fig. 6.1. First, light with a certain wavelength is generated by a Santec TSL-
710 tunable laser. The laser’s output power can be anywhere between -3 dB and 3 dB. Due to the 
grating coupler losses, a huge drop in the input power will occur when it reaches the disk resonator, 
therefore, this power must be amplified. An Erbium-doped fiber amplifier (EDFA) is used for this 
purpose. The EFDA can increase the power level up to 27 dB, but it can only function within a 
few nanometers of wavelength away from 1.55 μm. The output light of the EDFA is then coupled 
into the grating couplers from optical fibers placed into v-grooves in a fiber array. The fiber array 
contains one fiber for each of the four grating couplers. The distance between the fibers is 250 μm, 
equal to the distance between grating couplers on the sample. In fact, the grating couplers’ 
positioning is designed having the fiber array’s pitch in mind. 
 
 
Fig. 6.1. The setup used to measure the optomechanical photodetector device. Paths with three circles are 
optical paths and the rest are RF paths. 
 
The angle at which light from the fibers hits the gratings is 8 degrees. As mentioned in Section 
3.1, the grating coupler design has been performed for this specific angle. A change in this angle 
can shift the grating couplers’ response, making the measured optical response more different from 
the simulated response. One pair of fibers/gratings is used to measure the OMPD’s optical 
response. The other pair, which couples light into a short direct path between the two middle 
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gratings, can be used to characterize the grating coupler loss. The output fibers are connected to 
photodiodes converting the output light to voltage. This voltage is then measured by a Digital 
Multimeter (DMM). 
 
It is important to align the fiber array to the grating couplers before performing the optical 
measurement. This is done using the optical alignment marks on the sample and by a microscope 
over the sample. There is a stage below the array on which the sample is fixed using vacuum 
suction. This stage is manually moved until it is observed close to the alignment marks. The 
movement of the stage in X, Y, and Z directions is done by Thorlabs positioning cubes which are 
also controllable using Thorlabs Advanced Positioning Technology (APT) software. 
 
The RF response of the OMPD is measured with and without coupling light into the device or by 
changing the light power. The light power can be manually changed or turned on and off by either 
the laser or the EDFA. In either case, the device’s S-parameters are measured by a Vector Network 
Analyzer (VNA) connected to the probe station probing the device’s probing pads using a GS 
probe. The probe has a 50 μm pitch, equal to the distance between the centers of the probing pads. 
Since this is considered as a one-port RF device, we only need S11. S11 can later be converted to 
admittance (Y11) either by the VNA itself or simulation tools such as ADS or MATLAB. The RF 
measurement is performed from 1.0 GHz to 4.0 GHz, with 1001 points and IF bandwidth of 70 
KHz. 
 
The VNA is controlled manually, while the laser and DMM are controlled by LabVIEW through 
GPIB bus. This makes it possible to sweep the laser wavelength and collect the output data using 
a data acquisition (DAQ) element automatically. More information on LabVIEW and Thorlabs 
APT program can be found in Appendix C of [13]. 
 
6.2  Optical Response 
This section will present and discuss the results obtained from the OMPD device in the optical 
domain, which are essentially the wavelength-domain response of the disk resonator. Figure 6.2 
shows the measured response after dry etching and before releasing from 1480 nm to 1640 nm. 
The input power to the fibers is 0 dBm. This response resembles the expected response from a 
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WGM resonator such as the ones in Fig. 4.4. Unlike Fig. 4.4, the grating coupler response is also 
seen in Fig. 6.2 and the optical resonances are only visible within the range where the grating 
couplers can couple the input light into the waveguides efficiently. 
 
 
Fig. 6.2. Measured optical response of the OMPD device before releasing for a 0 dBm input power. 
 
The response in Fig. 6.2 has an FSR of 1.8 nm, and extinction ratio of 8 dB. The extinction ratio 
is higher than the simulated value of 2.1 dB. The FSR is smaller than the simulated value (4 nm) 
in Fig. 4.4. These differences can be attributed to the variation in effective index caused by the 
oxide layer on top of Lithium Niobate, as well as deviations of sensitive parameters such as the 
disk-waveguide gap from the designed value due to fabrication variations and imprecisions. Figure 
6.2 shows a large grating coupler loss (32 dB per grating at 1.55 μm), much larger than the 
simulated value of 4.4 dB in Table 3.1. This difference is likely caused by the effective index 
difference and mode variations as well as variations in the measurement setup such as the incident 
light’s angle. 
 
Figure 6.3 shows the optical response after releasing. The grating coupler’s response has shifted 
to left compared to Fig. 6.2, probably due to a change in the input light’s angle among the two 
measurements. The extinction ratio has significantly dropped and the optical resonances are no 
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longer clearly distinguishable from noise. This is probably because part of the oxide layer on top 
of the disk has been removed by BOE, leading to a significant effective index contrast between 
the area of the disk with oxide on top and the area without oxide. This will cause reflections at the 
boundary between the two regions, changing the mode profile and creating additional modes. 
Therefore, the behavior of the mode differs notably from the WGM simulation in Fig. 4.1. In fact, 
the light coupled into the disk is not traveling on a well-defined mode similar to the one in Fig. 
4.1; it is circulating in the disk on multiple irregular paths. This will not stop the OMPD device 
from functioning as the light is only used to create heat in this device, which is still possible in this 





Fig. 6.3. Measured optical response of the OMPD device after releasing for a 0 dBm input power. 
 
 
According to Fig. 6.3, the minimum grating coupler loss is 32 dB (16 dB per grating), which is 
achievable at 1.55 μm. This loss, as well as the waveguide-disk coupling loss, can degrade the 
responsivity of the device, however, when performing measurements, these losses can be 
compensated for by the EDFA which can amplify the input power up to 27 dBm. Making 
measurements of the device’s impedance with and without such input light power can help 




6.3  Acoustic Response and Responsivity 
The acoustic response of the OMPD device was measured by the VNA in the setup in Fig. 6.1 
under different input light powers. This makes it possible to characterize the thermal redshift of 
the acoustic response which enables us to measure the photodetector’s responsivity. 
 
Figure 6.4 shows the measured frequency response of the device, with and without input light. The 
redshift is not clearly visible yet and needs a closer view like in Fig. 6.5. The fundamental acoustic 
mode occurs around 3.5 GHz, which matches the simulation result in Fig. 4.9, however, spurious 
modes are observed at different frequencies. This is expected as the geometry of the released region 
in the fabricated device is different from and more complex than the simulated geometry. The 
admittance value at the middle of the fundamental resonance is also close to simulation (between 
-70 dB and -80 dB). The admittance at the series and parallel resonances is different from 
simulation, though. The measured resonance is, in fact, much smaller than the simulated 
fundamental resonance which exhibited a 62 dB difference between maximum and minimum 
admittances. This will still not be a problem for the OMPD device to work, as long as there is a 
sharp enough slope between series and parallel resonances. 
 
Fig. 6.4. VNA measurement result of the acoustic response of the OMPD device between 1.0 GHz and 
4.0 GHz plotted in Advanced Design Systems (a) logarithmic magnitude of S11 and (b) admittance (Y11) 





The device is working, showing a redshift in the frequency response if light power is coupled into 
the device. In Fig. 6.5, this redshift is visible by zooming into regions of Fig. 6.4 where resonances 
happen. This includes the fundamental mode (3.5 GHz), as well as spurious modes at 2.44 GHz 
and 1.932 GHz. 
 
 
Fig. 6.5. Frequency-domain acoustic response of the OMPD device without input light (red) and with 27 
dBm input light (blue), at (a) 3.5 GHz fundamental mode, (b) 2.44 GHz mode, and (c) 1.932 GHz mode. 
 
 
The 27 dBm power leading to the blue curves in Fig. 6.5 is produced by the EDFA. The 
measurements plotted in Fig. 6.5 are performed at a light wavelength of 1.56 μm. The output light 
power when the EDFA is turned on is -21 dBm, meaning that there is a 48 dB loss between the 
input and the output; 24 dB per grating. This means that when the EDFA is turned on and 
producing 27 dBm of light power, the disk resonator is receiving 3 dBm of power. 
 
Table 6.1 summarizes the measured responsivities on each mode for several different light 
wavelengths within the amplification range of the EDFA. The calculation of responsivity is 
performed by dividing the measured impedance change by the amount of input power (3 dBm or 
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2 mW). The responsivity is calculated in both Ω/mW and %change/mW. It can be noticed that a 
higher responsivity is measured at some wavelengths, most likely because those wavelengths are 
closer to optical resonances where more light is absorbed into the disk resonator. Such resonances 
are not clearly visible in the optical response in Fig. 6.3; but they exist and can affect the 
photodetector responsivity. 
 











1545 nm 61 Ω/mW 
 %1.71 /mW 
76 Ω/mW 
 %2.17 /mW 
108 Ω/mW 
 %2.53 /mW 
475 Ω/mW 
 %8.86 /mW 
1550 nm 76 Ω/mW 
 %2.14 /mW 
85 Ω/mW 
 %2.42 /mW 
138 Ω/mW 
 %3.23 /mW 
579 Ω/mW 
 %10.9 /mW 
1555 nm 73 Ω/mW 
 %2.06 /mW 
79 Ω/mW 
 %2.28 /mW 
118 Ω/mW 
 %2.79 /mW 
527 Ω/mW 
 %9.96 /mW 
1556 nm 58 Ω/mW 
 %1.62 /mW 
65 Ω/mW 
 %1.86 /mW 
104 Ω/mW 
 %2.42 /mW 
422 Ω/mW 
 %7.77 /mW 
1557 nm 123 Ω/mW 
 %3.44 /mW 
130 Ω/mW 
 %3.70 /mW 
218 Ω/mW 
 %5.09 /mW 
669 Ω/mW 
 %12.3 /mW 
1558 nm 68 Ω/mW 
 %1.91 /mW 
72 Ω/mW 
 %2.06 /mW 
122 Ω/mW 
 %2.86 /mW 
523 Ω/mW 
 %9.75 /mW 
1559 nm 82 Ω/mW 
 %2.29 /mW 
91 Ω/mW 
 %2.59 /mW 
152 Ω/mW 
 %3.53 /mW 
574 Ω/mW 
 %10.6 /mW 
1560 nm 109 Ω/mW 
 %3.08 /mW 
111 Ω/mW 
 %3.19 /mW 
177 Ω/mW 
 %4.18 /mW 
715 Ω/mW 
 %13.5 /mW 
1565 nm 101 Ω/mW 
 %2.81 /mW 
104 Ω/mW 
 %2.96 /mW 
176 Ω/mW 
 %4.12 /mW 
669 Ω/mW 
 %12.4 /mW 
 
 
As inferred from the data presented in Table 6.1, lower-frequency spurious modes can exhibit a 
larger responsivity due to the existence of a sharper slope between their series and parallel 
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resonance frequencies, however, it would be more difficult to operate the device on those modes 
because of their narrowness in the frequency domain and unpredictability in design. At some 
wavelengths, including 1557 nm and 1560 nm, the responsivity is larger on all acoustic modes. 
These are wavelengths that happen to be closer to optical resonances, i.e. dips in the optical 
response in Fig. 6.2 where more light is coupled into the disk resonator, hence more power 
dissipation and heat generation occurs. The responsivity on the fundamental mode (around 3.5 
GHz) matches very well with the simulated amount of 60 Ω/mW or %2.85/mW, even better at 
1557 nm and 1560 nm. 
 
According to the measured results, the device can exhibit a responsivity of up to 123 Ω/mW 
or %3.44/mW and at least 58 Ω/mW or %1.62/mW on the 3.5 GHz fundamental mode. It is 
possible to attain higher responsivities of up to 715 Ω/mW or %13.5/mW on the spurious modes 
but working on those modes requires a very precise measurement. In this case, attaining the 
mentioned maximum responsivity requires performing the RF measurement at 1.932 GHz, 
meaning that a precision of at least 1 MHz is needed at the VNA or subsequent read-out circuitry. 
 
 
6.4  Analysis of Results 
Although the measured responsivity is close to the simulated and calculated one, the device is not 
quite operating as modeled. The optical extinction ratio is much smaller than the designed value, 
which was still not large. As mentioned before, the reason is probably the whispering gallery mode 
profile changing due to fabrication variations, most important of which is the oxide layer on top 
of part of the disk resonator being removed by BOE, leading to reflections at the boundaries of 
this region and the creation of unexpected higher-order modes and other effects not considered by 
the simulation. The inaccuracy in modeling of the oxide layer on top of Lithium Niobate might 
also have led to the observed discrepancy in the optical response. Because the deposition and etch 
rates of the equipment used in the dry etching step vary in every fabrication trial, the thickness of 
this layer will not be identical to the intended value. This can affect the efficiency of the grating 
couplers and slightly change the mode profile in the waveguides, leading to a change in the 
effective index, which in turn makes the optimal design parameters (e.g. waveguide-disk gap) 
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different from the designed values implemented on the lithography mask which are later 
fabricated. 
 
The low extinction ratio is compensated for in the acoustic domain by the relatively sharp slope in 
the admittance response of the MEMS resonator at resonance frequencies, leading to an acceptable 
responsivity for the whole device. The acoustic response shows a fundamental mode close to 3.5 
GHz which was expected from simulations. Other modes, however, happen at different 
frequencies, which is totally expected because the simulated and fabricated devices are not 
identical. In fact, the OMPD device is quite difficult to simulate because the geometry of its 
released area is complex and kind of unpredictable. Also, the relatively large radius of the disk 
resonator makes it time consuming to perform an accurate FDTD simulation on it in the optical 
domain. Hence, the purpose of conducting simulations on such a device should merely be making 
rough estimations about its responsivity and determining design trends, not getting an accurate 
prediction of the measurement results, which is met in this work. 
 
There can always be small errors in performing measurements like the one presented in this 
section. Most importantly, the measured impedance is expected to have an error of a few percent 
of the announced value due to the measurement probes moving on the probing pads or sometimes 
not completely touching them. Since excessive pressure on a released device can break it, the 
probes should be landed on the pads gently, preferably at the most possible distance from the 
suspended area. 
 
The VNA measurement characterizes the changes of impedance with the input light power. 
However, in practical applications, specifically in space missions, it is not possible to carry a VNA 
with the OMPD device. A read-out circuit should be designed to convert the changes in impedance 
to an easy-to-measure parameter. In fact, commercial photodetectors measure an output electric 
current to determine the input light power, having a responsivity in Amperes per mW (A/mW) 
format. Adding such a feature to the OMPD device is a possible subject for future work, which 





Chapter 7: Conclusion and Future Work 
In this work, an optomechanical photodetector (OMPD) device based on released WGM disk 
resonators was designed, simulated, fabricated, and measured. The device was built on a Lithium 
Niobate on Silicon Oxide platform with gold electrodes and probing pads on the interior area of 
the disk resonator, helping increase the optical loss. The device works because the heat generated 
by the dissipated optical power inside the disk resonator will cause a redshift in the acoustic 
response of the released RF MEMS resonator in the frequency-domain. If the OMPD device is 
operated between a pair of RF resonance and anti-resonance frequencies, i.e. at a frequency where 
the impedance measured between its electrodes is changing rapidly, this redshift can lead to a 
significant change in the measured impedance, which is proportionate to the amount of input light 
power, hence make the device have a responsivity. 
 
Simulations in optical, thermal, and acoustic domains were used to estimate the device’s 
responsivity. Then, the device was fabricated in a cleanroom laboratory in three main steps of 
metal deposition, dry etching of Lithium Niobate, and releasing the MEMS resonator portion by 
BOE. The fabricated device exhibits a responsivity of up to 123 Ω/mW or %3.44/mW and at least 
58 Ω/mW or %1.62/mW on the 3.5 GHz fundamental mode, depending on the input light’s 
wavelength. 
 
This device is mainly designed for space applications and measuring low-frequency cosmic signals 
such as the Cosmic Microwave Background (CMB) with a high precision. However, there is still 
a huge room for improvement. Future work could simply include enhancing the responsivity and 
sensitivity of the device by improving the optical performance and the design of the MEMS 
resonator, as well as making modifications to the fabrication process such that a better resonator 
is achieved. Also, a read-out circuit should be developed for this photodetector. Measurements 
made in this work only measure the S-parameters of the MEMS resonator and convert them to 
impedance, however, doing so is not practical in a real-world and real-time application. The read-
out circuit should convert the changes in impedance to voltage or current. Finally, the whole 
system, including the optomechanical photodetector and its read-out circuitry should be properly 
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Appendix A: Recipes for SPR-220 Photolithography 
and Wet Etching in BOE  
 
As discussed in Section 5.4, SPR-220 was used to protect certain parts of the sample from being 
attacked by BOE during wet etching. The releasing windows were patterned on SPR-220 in a 
photolithography process. Since the releasing windows are large features, the resolution of 
photolithography is more than enough for this purpose. 
 
The lithography recipe follows. These steps should be taken consecutively and without 
interruption. 
 
(1) Cleaning the wafer (sample) with Acetone, IPA, and DI water, then descum for 3 min under 
500 W power. This is to remove any dirt and dust from the sample, which can affect the 
quality of the deposited photoresist. Acetone will remove any remains of previous 
photoresist layers, if another lithography process has been done on the sample before. 
 
(2) Surface priming using a vapor primer machine to improve resist adhesion. A vapor primer 
machine can be used to deposit Hexamethyldisilazane (HMDS) on the sample, which 
improves adhesion. If such a machine is not available, one could just spin coat a layer of 
HMDS using a spinner. 
 
(3) Spinning SPR-220 (speed = 3000 rpm, ramp = 1000 rpm/s, duration = 30 sec). The resulted 
thickness is 4.7 μm, which is determined by the spinning speed. A simple spinner can be 
used for this step. 
 
(4) Softbake at 115 degrees for 90 seconds. This will make the photoresist more consolidated. 
 
(5) Exposure (EVG mask aligner machine, dose = 110 mj/cm2, separation = 50 μm). A low 
exposure dose is intentionally selected. Because the features on the photolithography mask 
are large, a low dose will not cause a loss of any significant features. A high dose can burn 
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the edges of the features (releasing windows) and slightly peel them off, making the 
photoresist survive in BOE shorter than expected. A very small separation between the 
mask and the sample can make the sample stick to the mask due to the photoresist 
contacting the mask, hence making alignment difficult. 
 
(6) Post-exposure baking at 115 degrees for 90 seconds. 
 
(7) Developing with AZ Developer 1:4, for 4 min, then rinsing with water and descum for 1 
min under 250 W power. It is important to quickly remove the sample from the beaker 
containing the developer after 4 minutes, as over-developing can damage or totally destroy 
the photoresist and its features. Because the features are large, under-developing does not 
have any serious downsides in this case. 
 
(8) Hardbake at 140 degrees for 20 min. This step is critical in order to further consolidate the 
photoresist, making it have a well-defined and characterizable behavior in the etchant. If 
the photoresist is not hardbaked, it will peel off easily and irregularly when put in BOE, 
hence being unable to protect the sample. Twenty minutes is an optimal duration for 
hardbaking; a shorter hardbake will not consolidate the photoresist well. On the other hand, 
hardbaking for too long will make it difficult to remove the photoresist by acetone 
afterwards. 
 
A dip in acetone for around 1 minute after etching will remove the SPR-220 layer. 
 
The wet etching process is performed by following these steps: 
 
(1) Wet Etching in BOE for 75 minutes (duration depends on the intended etching depth). 
Safety precautions of working with HF and BOE, such as using an acid hood, wearing 
proper PPE and protective gloves, proper disposal of the used BOE after etching and 
cleaning the containing beaker, as well as notifying people around with a sign mentioning 
that BOE is in use, must be taken in this step. 
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(2) Washing out BOE with DI water, 3 times, each time 5 min. It is important to transfer the 
sample between the liquids gently, preferably in a way that some liquid remains on top of 
the sample when being transferred between beakers. 
 
(3) Dipping the sample in acetone for 1-2 min to remove SPR-220. This step will take longer 
if the photoresist has been hardbaked for too long. 
 
(4) Washing out acetone with IPA, 3 times, each time 5 min. IPA is the final liquid the sample 
is transferred to before being dried. 
 
(5) Critical Point Drying: Dry the sample in a CPD chamber, filled with IPA. A CPD process 
will ensure that the released portion of the sample does not endure any mechanical tension 
when being dried, hence preserving the suspended features from breaking. The sample will 
need to remain in the CPD chamber between 30 minutes and 1 hour. After the completion 
of the process, it should be visually checked to determine whether the sample is dry yet. If 
not, the process should be repeated. If the sample is not clean (e.g. it has dirt or dust on it), 
it might take longer to dry it by CPD. 
 
 
 
 
 
 
 
 
 
 
